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ABSTRACT 
 
Thesis 
This thesis comprises of eighteen publications which describe research work which has been 
carried out into two aspects regarding the accuracy of large machine tools. The first six papers 
discuss the concrete foundations on which the machines are supported and the remaining 
twelve papers describe the consequences of thermal effects on machines. The publications are 
all ones of joint authorship, with the candidate being one of the named authors. 
Manufacturing industry and the precision requirements of large machine tools 
The thesis reviews the range of errors and their causes that effect large machine tools and then 
specifically addresses what are considered to be two of the most significant contributors to 
these inaccuracies, namely those caused by the concrete foundations which support the 
machines and those caused by thermal effects. Both can cause problems that can be very 
difficult and extremely expensive to resolve. After a concrete foundation has been cast, if it is 
found to be inadequate it cannot, of course, be easily modified and thermal effects such as 
environmental temperature changes for instance can require the use of factory air conditioning 
systems which are expensive to install, operate and maintain. The publications included in the 
thesis show a systematic contribution to significantly improving the accuracy of large 
machine tools with respect to the two mentioned subjects. 
Modern components  
Components used in modern equipment such as cars, trains, aircraft, robots, household 
appliances etc. require good functionality, reliability, long life, light weight etc. A significant 
contributor to these requirements is the high degree of precision [1] that these components are 
manufactured to in terms of their dimensions, form and surface finish. Production of virtually 
all of these components is achieved either directly or indirectly by use of machine tools. 
Therefore the machine tools need to perform extremely accurately, even more so than the 
components they produce since other factors such as fixtures, tooling etc. cause additional 
inaccuracies. 
Machine tool Accuracy 
To achieve high accuracy performance, the machines need to move in a precise manner in 
terms of their straightness of movement, positional accuracy, rotational orientation and the  
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relationship of one axis to another etc. It is also important that the accuracy is repeatable in 
order to guarantee the level of performance at all times. 
Large machine tools:- 
Large machine tools can weigh hundreds of tonnes, have traverses of eighty metres length or 
more and are used for machining a vast variety of components such as nuclear reactor vessels, 
marine diesel engines, valve bodies, rolls for steel mills, aircraft wing components such as 
skins, ribs, stringers and spars and large undercarriage components. 
Foundations 
Because the machines being considered are large and heavy their influence on the concrete 
foundations that support them is considerable and as a machine moves through its traverses 
the position of the center of gravity changes. The consequence is the foundation changes both 
shape (bends) and vertical position (sinks and rises). The six foundation papers describe the 
research and developement of techniques that can be used to ensure the distortions and 
deflections values are acceptable such that a machine will be capable of performing to its 
intended functionality. Also described is the research, development and performance testing 
of a taut wire and optical senors instrumentation for efficiently measuring the change of shape 
of the foundation. 
Thermal Effects 
The machines and the workpieces they produce, can be constructed from a variety of 
materials such as steel, aluminium, carbon fibre, concrete etc all of which have coefficients of 
linear expansion that when subjected to modest temperature changes can result in contractions 
and expansions that can cause workpiece to cutting tool relative positions to vary more than 
the workpiece dimensional tolerances. The twelve thermal publications describe the research 
and developement that has been carried out into machine tool thermal characteristics and the 
positional compensation techniques that have been developed to minimise the resulting 
positional errors. Using artifical intelligence methods this has been achieved so successfully 
that the errors can be reduced by 95%. 
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determining the static stiffness of foundations for machine tools. Journal Paper of Physics: 
Conference Series, 13. pp. 410-413. ISSN 1742-6588  
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2004 
Myers, Alan (2004) Firm foundations for sure. Machinery, 162 (4. p. 48.)  
2003 
Myers, Alan, Ford, Derek G. and Xu, Q. (2003) Finite element analysis of the structural 
dynamics of a vertical milling machine. In: Laser Metrology and Machine Performance VI. 
Southampton University, pp. 431-440. ISBN 9781853129902  
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LIST OF PUBLICATIONS TO BE 
CONSIDERED FOR PhD 
 
Eighteen papers are being submitted in support of consideration for the PhD award. Six 
related to research of machine tool errors due to concrete foundations (three journal and  three  
peer reviewed conferences) and twelve related to thermally induced machine tool errors (three 
journal and nine peer reviewed conferences). For convenience they have been listed in 
chronological order. The first number is the year and the second number is the order within 
the year taken from the University of Huddersfield repository list of publications for the 
candidate. 
 
Foundation related papers:- 
 
 
2005 – 01 (Journal):  Myers, Alan, Ford, Derek G. and Xu Q (2005)  Measurement 
techniques for determining the static stiffness of foundations for machine tools. 
Journal Paper of Physics Conference Series 13. pp. 410-413 ISSN 1742-6588 
 
2005 – 06 (Conference):  Myers, Alan, Ford, Derek G. and Barrans, Simon (2005) 
Finite element analysis of the static stiffness of a foundation for large machine tool. 
In: Laser Metrology and Machine Performance VII, LAMDAMAP 2005, Cranfield 
University  
 
2007 – 02 (Conference):  Myers, Alan, Barrans, Simon and Ford, Derek G. (2007), 
Structural Analysis of a large Moving Gantry Milling Machine including its Work 
Support System and Foundation. In: Laser Metrology and Machine Performance VIII, 
LAMDAMAP 2007, Cardiff University, pp. 63-72. ISBN 9780955308239 
 
2009 – 04 (Conference):  Myers, Alan, Barrans, Simon, Longstaff, Andrew P., 
Fletcher, Simon and Ford, Derek G. (2009) Evaluation and Comparison of a Large 
Machine Tool Structure with ISO Standard Alignment tests. In: Laser Metrology and 
Machine Performance IX, LAMDAMAP 2009, Brunel University, pp. 57-66 ISBN 
978-09553082-7-7 
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2013 – 09 (Journal):   Borisov, Oleg, Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2013),  New low cost sensing head and taut wire method for 
automated straightness measurement of machine tool axes Optics and lasers in 
engineering 51 (8). Pp. 978-985. ISSN 0143-8166 
 
2014 – 06 (Journal):   Borisov, Oleg, Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2014),  Performance evaluation of a new taut wire system for 
straightness measurement of machine tools Precision Engineering, 38 (3), pp. 492-
298. ISSN 0141-6359 
 
Thermal error related papers:- 
 
2005 – 07 (Conference):  Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan 
(2005) Compensation of thermal errors on a small vertical milling machine. In: Laser 
Metrology and Machine  Performance VII, LAMDAMAP 2005, Cranfield University. 
pp. 432-441. ISBN 1861941188  
 
2005 – 10 (Conference):  Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan 
(2005) Flexible modelling and compensation of machine tool thermal errors. In: 20th 
Annual Meeting of American Society for Precision Engineering, 9th -14th October 
2005, Norfolk, VA.  
 
2005 – 12 (Conference):  Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan 
(2005) Practical compensation of all significant thermal errors in machine tools. In: 
3rd International Congress on Precision Machining, Vienna, Austria, October 2005, 
Vienna, Austria.  
 
2007 – 04 (Conference):  Fletcher, Simon, Longstaff, Andrew P. and Myers, Alan 
(2007) Measurement methods for efficient thermal assessment and error 
compensation. In: EUSPEN Topical Meeting "Thermal Effects in Precision 
Engineering", 3 - 4 December 2007, Maastricht, The Netherlands.  
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 2007 – 05 (Journal):  Longstaff, Andrew P., Fletcher, Simon and Myers, Alan 
(2007) Flexible compensation of thermal errors. In: EUSPEN Topical Meeting 
"Thermal Effects in Precision Engineering", 3 - 4 December 2007, Maastricht, The 
Netherlands.  
 
2011 – 05 (Conference):  Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2011) Efficient thermal error prediction in a machine tool using 
finite element analysis. Measurement Science and Technology, 22 (8) 085107. ISSN 
0957-0233 
 
2012 – 06 (Conference):  Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2012) An efficient offline method for determining the thermally 
sensitive points of a machine tool structure. In: 37
th
 International Matador 
Conference, University of Manchester 
 
 2013 – 02 (Conference):  Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2013) The significance of air pockets for modelling thermal errors 
of machine tools. In: Laser Metrology and Machine Performance X, LAMDAMAP 
2013. EUSPEN, pp. 189-198. ISBN 978-0-9566790-1-7 
 
2013 – 05 (Conference):  Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon 
and Myers, Alan (2013) Comparative study of ANN and ANFIS prediction models for 
thermal error compensation on CNC machine tools. In: Laser Metrology and Machine 
Performance X. LAMDAMAP 2013, EUSPEN,  pp. 79-89. ISBN 978-0-9566790-1-7 
 
2013 – 06 (Journal):   Mian, Naeem S., Fletcher, Simon, Longstaff, Andrew P. 
and Myers, Alan (2013) Efficient estimation by FEA of machine tool distortion due to 
environmental temperature perturbations. Precision Engineering, 37 (2). pp. 372-379. 
ISSN 0141-6359 
 
2013 – 13 (Conference):  Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon 
and Myers, Alan (2013) Application of GNNMCI (1, N) to environmental thermal 
modelling of CNC machine tools. In: The 3
rd
 International Conference on Advanced 
Manufacturing Engineering and Technologies. KTH Royal Institute of Technology, 
Stockholm, Sweden, pp. 253-262. ISBN9789175018928 
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2015 – 03 (Journal):  Abdulshahed, Ali, Longstaff, Andrew P., Fletcher, Simon and 
Myers, Alan (2015) Thermal error modelling on machine tools based on ANFIS with 
fuzzy c-means clustering using a thermal imaging camera. Applied Mathematical 
Modelling, 39 (7). pp. 1837-1852. ISSN 0307-094X 
 
 
CONTRIBUTION TO THE PAPERS  
 
All the publications are of Joint-Authorship and were published from 2005 to 2015 whilst the 
candidate was Director of the Centre for Precision Technologies and Leader of the 
Engineering Control and Machine Performance Research Group (ECMPG). All authors, 
either were or are, employed within the ECMPG and with the exception of Prof Ford and Dr 
Barrans, they reported directly to the Candidate who was, or is, their line manager and as such 
has overall responsibility for the group‟s research activities. The research was mainly carried 
out under EPSRC, EU FP7 or Industrial Consultancy such as the Rolls-Royce SAMULET 
project and the candidate was the Principal Investigator. 
Foundation Papers 
 
Four of the foundation papers were written by the candidate as first author. 
The other two were written under the candidate‟s overall supervision as Group leader of the 
Engineering control and Machine Performance Research Group within the Centre for 
Precision Technologies. Percentage contribution per publication is based on the number of 
joint-authors. 
Thermal papers 
 
The twelve thermal papers were all written under the overall supervision of the candidate 
whilst Group Leader of the Engineering Control and Machine Performance Research Group. 
Percentage contribution per publication is based on the number of joint authors. 
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I. AN OVERALL SUMMARY OF THE 
RESEARCH 
 
MACHINE TOOL ACCURACY: 
For many large machine tool installations two of the most significant contributors to 
inaccuracy are the concrete foundations on which the machines are supported and the effects 
of thermal sources on the machine structure. Both can cause millimetres of positional error of 
the spindle with respect to the workpiece. 
 
Manufacturing industry and the precision requirements of large machine tools 
This thesis will review the range of errors and their causes that effect large machine tools and 
then specifically address what are considered to be two of the most significant contributors to 
these inaccuracies, namely those caused by the concrete foundations which support the 
machines and those caused by thermal effects. Both can cause problems that can be very 
difficult and extremely expensive to resolve. After a concrete foundation has been cast, if it is 
found to be insufficient it cannot easily be modified and thermal effects such as 
environmental temperature changes can require factory air conditioning systems which are 
expensive to install, operate and maintain. The publications to be included in the thesis show a 
systematic approach to significantly improving the accuracy of large machine tools. 
 
Modern components  
Components used in modern equipment such as cars, trains, aircraft, robots, household 
appliances etc. require good functionality, reliability, long life, light weight etc. A significant 
contributor to these requirements is the high degree of precision [1] that these components are 
manufactured to in terms of their dimensions, form and surface finish. Production of virtually 
all of these components is achieved either directly or indirectly by use of machine tools. 
Therefore the machine tools need to perform extremely accurately, even more so than the 
components they produce since other factors such as fixtures, tooling etc. cause additional 
inaccuracies. 
 
Machine tool Accuracy To achieve high accuracy performance, the machines need to move 
in a precise manner in terms of their straightness of movement, positional accuracy, rotational 
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orientation and the relationship of one axis to another etc. It is also important that the 
accuracy is repeatable in order to guarantee the level of performance at all times. 
 
Large machine tools:- 
Large machine tools can weigh hundreds of Tonnes, and have moving parts that weigh 100 
Tonnes, they typically have movements of 20 metres and spindle power ratings of 100KW 
The workpieces they machine are also large and heavy thus setting a requirement for 
substantial foundation support to maintain accuracy of straightness of movement which might 
typically be 50 
. They are used for machining a vast variety of components such as nuclear reactor vessels, 
marine diesel engines, valve bodies, rolls for steel mills, aircraft wing skins. 
  
Typical large machine tool configurations 
The configurations are often such that the workpiece support structure such as a rotary table 
or static workplates is not directly connected to the machine, but both are supported on the 
concrete foundation. The concrete foundation in such cases is absolutely essential to the 
integrity of the system with the force loop between tool and workpiece passing through the 
concrete foundation. Figure “1” below shows a large moving gantry machine tool and the 
workpiece which has been machined on it. The workpiece is a side panel for a Eurostar train 
carriage. Whilst being machined the workpiece can change in length by 6mm due to 
environmental temperature changes during a day which emphasises 
                                                                                                          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1 - Moving gantry vertical ram type machine and workpiece. 
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Error types 
There are many types of inaccuracies affecting machine tools mainly such as geometric 
errors, thermal errors, load errors, dynamic errors, etc. 
a. Geometric errors are the inaccuracies of the individual axes straightness, squareness of 
each axis to the others, orientation of the moving elements as they move either 
translation or rotation (pitch, roll and yaw errors). A three axis machine has twenty 
one individual geometric errors. Five axis machines can have in excess of forty 
geometric errors depending on their exact configuration. 
b. Thermal errors [3] are the variation of the size and the shape of the machine when 
temperature changes and temperature gradients occur causing differential expansions. 
c. Load errors are the deflections that occur in the machine when forces are applied to the 
machine. 
d. Dynamic errors are the inaccuracies of tool position that occur when the machine is 
moving or vibrating. 
 
Error causes:- 
The causes of the above mentioned errors are shown below|:- 
a. Geometric errors are the result of manufacturing inadequacies in the machining and 
assembly processes. They can be caused by machining and assembly inaccuracies. 
b. Thermal errors are caused by temperature changes of the machine due to self-
generated or environmental thermal sources 
c. Load or non-rigid errors are due to compliance of the machine structure or drives 
causing displacements when forces such as gravity or cutting are applied [2] 
d. Dynamic errors are a response to variable loads, accelerations, servo drive velocity 
lags etc. 
 
Accuracy tolerances:- 
The accuracy requirements are extremely high with linear tolerances specified in microns, 
angular tolerances in arc seconds and which require specialist equipment to measure them 
such as Laser Interferometers, Gravity Based Inclinometers. ISO standards are used as the 
basis for quantifying the tolerance values, the methods of test and the equipment to use for  
specific machine configurations e.g. ISO 3070, ISO 8636. Generic test methods applicable to 
all machine tools are specified by the ISO-230 series of standards. 
THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE 
ACCURACY OF LARGE MACHINE TOOLS 
 
 
 
DEGREE OF DOCTOR OF PHILOSOPHY (PhD)                                                                                        40 
 
 
1. CONCRETE FOUNDATIONS FOR MACHINE 
TOOLS (background and literature review) 
 
Concrete foundation errors:- 
Concrete foundations for large machine tools can be extremely large, massive and expensive. 
Typically a foundation might weigh 500 tonnes with a depth of between 1metre to 2metres 
and a plan area of 150 square metres. In the majority of cases it is the concrete foundation that 
connects the machine tool to the work-piece and it is therefore an integral part of the structure 
[1]. Foundation errors are the static deflections or displacements that occur to the concrete 
foundation which supports a machine tool. They can be displacements due to rigid body 
movement of the foundation or deflections due to distortion such as bending of the 
foundation. The displacements are caused by changes in the position of the centre of gravity 
of the machine as it is traversed horizontally from one position to another. This can cause the 
vertical orientation of the foundation to change due to tilting as the pressure distribution on 
the sub-soil changes. The deflections are caused by changes in shape of the foundation due to 
bending and/or shear as the machine is traversed horizontally. Both displacements and 
deflections can also be caused by other factors such as temperature changes of the concrete 
(which are discussed later), the ingress of water into the concrete caused by a changing level 
of water tables and settlement of the sub-soil beneath the foundation with time. Measurement 
of errors [2] is difficult due to the small but significant values which are normally encountered 
and the irregular nature of the concrete surfaces. The methodology for measurement and the 
equipment that is used is very specific to the task and involves the use and adaption of a 
variety of metrology instruments which are deployed in an innovative manner. Reduction of 
these errors is achieved by careful specification of the foundation stiffness based on the 
machine accuracy tolerances. The specification is then used to dictate the design of the 
foundation using Finite Element Analysis following sub-soil stiffness measurements carried 
out using test bore holes and surface plates stiffness measurements to ensure the foundation 
stiffness meets the requirements. The use of impervious tanking membranes to prevent the 
ingress of water is provided around the sides and based of the concreted. 
It is an interesting observation that Concrete foundations for Machine Tools appear to be a 
relatively under researched area possibly because the two disciplines do not have too much in  
common i.e. civil engineers seldom deal with microns and machine tool engineers seldom 
deal with hydraulic concrete or soil mechanics. 
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1.1   Foundation Specification 
1.1.1 Found Stiffness Specification 
No BSI or ISO standards are available 
Evaluation comparison paper 2009-04 
1.1.1 Found General Specification 
Screeds (facilitates ease of carrying out the steel fixing) 
Creep 
Ingress of water/moisture 
Tanking 
Water tables 
Bituminous membranes 
Visqueen 100 
Upper surface needs treating to prevent dusting 
Monolithic construction 
No vertical joints 
Sufficient re-enforcement to be included 
1.2 Foundation Design 
1.2.1 Considerations 
Cost of foundations 
Excavations 
Subsoil 
Piling:- 
a. Radichy piling – non vertical piles – simulating tree roots 
b. Vertical piling 
c. Skin friction piles 
d. End bearing piles 
e. Raft constructions 
f. Mixture strength (cement, Sand and water ratio) 
g. Variations in Modulus of Rigidity Value due to various causes 
1.2.2 Design Criteria 
Traditionally designed on a stress based criterion only 
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For this application a stiffness based criterion should also be used which will almost 
always over-ride the stress based. 
1.2.3 Design Process Parameters 
Loads and positions (including movable ones) specified 
Machine alignment tolerances specified 
BSI – ISO – Company standards 
Excavations to depth or test bore holes drilled 
Plate tests done to determine subsoil surface stiffness characteristics 
Coefficient of Uniform Elastic Compressions (Coeff. of UEC) 
FEA carried out using values from plate tests 
Depth of concrete calculated 
Deflections 
Gravitational effects 
Machine CofG movement effect 
Distortion 
“E” and “G” values 
Steel re-enforcement design – rebar - mesh 
1.3 Foundation Connectors 
 
1.3.1 Types and requirements 
Pull down bolts 
Vertical jacking adjustment 
Many different types 
a. Co-axial 
b. Adjacent/offset 
c. Wedgemounts – Farrat – BWFixaors – Homemade designs  
d. Chemical anchors 
Non-pocket types 
a. Adheres to the concrete surface 
b. Surface needs degreasing with chemical agent 
Pockets:- 
a. Precast 
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b. Diamond trepanned 
c. Dovetailed for mechanical grip 
d. Scabbled for mechanical grip 
Grout:- 
a. Different types 
i. Epoxy 
ii. Cementitious 
iii. Expanding 
b. Suppliers 
i. Pagel Ltd 
ii. CBP 
iii. Chemical Building Products Ltd 
iv. Master Builders 
v. Homemade with expanding additive 
1.4  Foundation Testing 
 
1.4.1 Testing of final stiffness prior to machine installation 
a. Load testing for static stiffness 
b. Use of specialist equipment 
c. Water pots 
d. Dial test indicators 
e. Depth micrometers 
f. Precision Engineering Inclinometers 
g. Roll Steel Joists 
h. Measurement of change in topography of the surface 
 
1.4.2 Curing Process Considerations 
a. Time to reach full strength 
b. Time to reach maximum stiffness 
c. Chemical reaction 
d. High temperatures generated 
i. 50 Degree C 
e. Time to return to ambient is months 
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1.5   Foundation problems – Case studies 
a. RMC Machine at ROF Barnbow Leeds had 1mm overall concrete deflection 
b. Baker Perkins – Walker anti-vibration matting caused high static errors 
c. John Brown Stroud machine and workpiece areas separated vertical joint 
d. Kindcaids machine – foundation had to be excavated & replaced with new 
e. Isles of white – Elliot Turbo Machinery – foundation too compliant 
1.6   Publication Specific Commentary 
 
The following publications described in the this section were written in an attempt to address 
some of the more concerning aspects of machine tool inaccuracies caused by inadequate 
foundations that have been outlined above namely. 
 
Large machine tools rely on their concrete foundations to provide sufficient stiffness for the 
machines to maintain accuracy of movement in terms of straightness, rotational orientation 
and squareness to other axes. Typically the cast iron or fabricated bed of a machine tool by 
itself would only have 10% of the stiffness required. It is therefore essential to know the 
stiffness of the concrete foundation because the machine accuracy of movement is so 
dependent upon it.  
 
The first publication 2005-01 is the description of an attempt to verify what the actual value 
of stiffness is for a foundation of a large machine tool, specifically a moving gantry machine. 
The paper describes the tests carried out on a machine tool in a railway locomotive factory 
and how they are structured to simulate the behaviour of the machine when it is in machining 
mode. The test also simulated the effect of placement of the intended work-piece onto the 
concrete foundation.. The procedure is explained, the equipment is described and the concrete 
foundation with its re-enforcement is clearly shown. The results show that the small be in 
context significant displacements and distortions that took place within the concrete 
foundation. 
 
The second publication 2005-06 follows on logically from the previous one by describing the 
analysis of a typical foundation using Finite Element Analysis software in an attempt to  
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understand the behaviour of a foundation in terms of its stiffness characteristics such that the 
results can be compared with those obtained for the one previously measured. This analysis 
highlights the need for the subsoil properties to be known, particularly the stiffness at the  
surface of the subsoil and suggests that these properties should be determined in practice by 
site tests using test bore holes before the site is excavated or plate tests after the site has been 
excavated down to the anticipated level of the underside of the intended concrete foundation. 
 
The third publication 2007-02 describes the analysis of a complete moving gantry type 
machine tool including the concrete foundation in order to assess the overall stiffness of the 
full system. This then allowed the significance of the foundation as a % of the overall system 
to be assessed confirming the requirement for a full understanding of the behaviour to be 
obtained so predictable accurate assessments could be made of foundations in the future to 
ensure foundations are specified to have the correct values to ensure they provide sufficient 
support that the machines can move with accuracies that allow components to be 
manufactured within tolerances. 
 
The fourth publication 2009-04 describes a review and assessment of typical values taken 
from the appropriate ISO standard accuracy of a moving gantry machine tool such that they 
can be compared with the stiffness values that can be achieved in reality with reasonable costs 
for foundations. Conclusions are drawn as to how effective the current approach is. 
 
The fifth publication 2013-09 describes a novel method for measurement needed for 
determining the accuracy of straightness of large machine tools using current technology. This 
method is much quicker and efficient than current techniques and uses less expensive 
equipment. The straightness values are used to determine the required stiffness of the concrete 
foundations. 
 
The sixth publication 2017-06 describes the performance evaluation of the equipment and 
technique presented in the previous publication to determine its scope of usage and 
applicability to machine tool measurement. 
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2. THERMAL EFFECTS ON MACHINE TOOL 
ACCURACY (background and literature review)  
 
1. Thermal effects cause significant errors of machine tools [1] due to the expansion and 
contraction of the various materials that the machines comprise of, as their 
temperatures change. 
2. If the temperature of a machine changes in a uniform manner throughout the structure 
it will change size but not shape. The change of size will cause the machine to produce 
parts that are either too big or too small dependent whether the temperature increases 
or decreases respectively. If the temperature changes non-uniformly throughout the 
structure the temperature gradients will in turn produce distortions of the structure. 
The parts produced will subsequently not be the exact shape that is required, e.g., 
surfaces that should be flat will become concave or convex and surfaces that should be 
parallel will have angular misalignment to each other etc. 
3. The two main causes of temperature change are either environmental or machine self -
induced. Environmental changes are caused by variations of the factory temperature 
usually maintained within limits set only by the comfort levels required by the 
occupants. These levels are usually far greater than those needed to ensure parts are 
produced within satisfactory tolerances of precision. Machine self-induced heat 
sources are such as motors, pumps sliding friction of guide-ways etc. 
4. Measurement of these errors is carried out in a similar way as the geometric errors but 
with additional measurement of ambient temperature and the temperatures of the 
structure. Generally this is done over longer periods of time to take into account daily 
and even weekly changes. 
5. Reduction of thermal errors is achieved by a number of techniques involving such as 
environmental temperature control, heat removal by good design, liquid cooling and 
coolant systems and error compensation methods [3] etc. 
6. It is worthy of note that the thermal errors should be minimised before any attempt is 
made to improve geometric errors since they simply add to them. If at all possible 
thermal compensation should be applied before geometric. 
7. Overall thermal volumetric error values can be in the order of millimetres on large 
machine tools. 
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2.1  Thermal Error Measurements 
The dimensional errors produced by thermal causes are measured by a wide range of 
metrology equipment. 
Temperature gradients cause differential thermal expansion which in turn causes shape 
distortion of the machine tool structure.  
Saturated temperatures create steady state conditions 
Measurement of the errors of machine tools – ISO Stds. 
2.2  Thermal Error Sources 
 
2.2.1 Environmental sources 
Factory temperature variations due to opening and closing access doors, heat received 
through windows radiated heat from factory wall mounted heaters ectc. 
2.2.2 Machine self-induced sources 
Heat sources such as motors, pumps, slide-ways, refrigeration unit exhausts, spindle 
bearings, the cutting process and standing swarf. 
2.3  Temperature measurement considerations 
Position of sensors etc. 
Numbers of sensors 
Reliability of sensors 
Three wire bus – Dallas sensors 
Flair imaging systems 
Dallas single spot temperature measurement 
2.4 Error Elimination by Design 
Good design practice 
Analysis of machine tool thermal behaviour using FEA 
Differential material expansion 
Linear expansion 
Reduced Friction Bearings 
 Rolling element bearings 
 Hydrostatic bearings 
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 Air bearings 
Careful selection of bearing preload 
Linear encoder feedback 
Symmetrical design 
Spindle cooling 
Refrigeration 
Airblast coolers 
Minimum coefficients of expansion materials 
  Carbon fibre 
  Zerodur 
  Invar 
Air pockets 
 
2.5 Thermal Error Compensation 
2.5.1 Controller based 
The compensation software is based within the CNC Controller and usually provided 
by the CNC builder. 
2.5.2 Remote based 
Stand alone units provided by third party companies often retrofitted to legacy 
machines. 
    2.5.3 Thermal error compensation based on classical physics    
             algorithms 
Theoretical approach using physics based analytical tools to predict thermal errors. 
     2.5.4 Thermal error compensation based on Artificial    
              Intelligence 
An empirical approach using a number of different methods and proving to give better 
results than the traditional systems. 
2.6 Thermal Error Testing and Verification 
 Machine calibration is essential 
 Calibration techniques:- 
  Etalon 
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  Laser Trackers 
  6 DoF 
 Typical error reduction has been 70% 
 AI now achieving c.95% 
 Warm up times reduce machine efficiency 
 Thermal drift 
2.7 Case Studies 
 Installations include:- 
  Micro-Metalsmiths 
Rolls-Royce 
Renishaw HongKong Foxconn 
Renishaw Singapore  ASM 
Renishaw San Francisco Apple 
 Typical error reduction has been 70% 
 AI now achieving c.95% 
2.8 Thermal Paper Specific Commentary 
 
The first paper 2005-07 describes the application of a thermal compensation system onto a 
small vertical spindle milling machine. The system was implemented within the machine 
controller and used an algorithm s based on classical physics to calculate the positional error 
values from temperature measurements taken of the machine structure.  Errors were shown to 
have been reduced by 70%. 
 
The second paper 2005-10 describes an enhanced compensation system developed using a 
novel programming language to provide a flexible modelling technique combine with 
comprehensive measurement of the machine temperatures. The techniques described provide 
robust modelling development and the minimisation of machine downtime in comparison 
with the previous approach. 
 
The third paper 2005-12 describes further development of a more practical compensation 
system for systematic thermal errors in an open architecture controller which reduces the 
hardware required whilst using component offsets to compensate for differential expansion    
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between feedback method and component. Results showed an average error reduction 80% 
for position dependant and environmental errors. 
 
Fourth paper 2007-04 discusses the development of improve methods for temperature 
measurement using thermal imaging equipment capturing radiated temperature information 
with a much improved accuracy over previous methods. It has enabled the detailed on line 
measurement of thermal gradients and hence the ability to compensate for complex structural 
distortions with further reduced downtime. 
 
The fifth paper 2007-05 explains further development of thermal compensation with more 
flexibility and achieved by creation of a novel compensation language. This enables at the 
machine program e modifications without offline software re-writes and allows for machine 
operation parameters to be readily updated thus providing significant further improvement in 
flexibility. 
 
The sixth paper 2011-05 describes further progress towards thermal error reduction by 
research into the nature of heat transfer characteristics of specific machine tool features such 
as linkages and joint interfaces. Finite Element Analysis has been used to develop offline 
novel techniques to accurately reproduce the effects of significant internal heat generation 
sources. The result show when applied to compensation systems there would be significant 
further reduction in thermal errors of circa 80%. 
 
The seventh paper 2012-06 concentrates on prediction techniques for finding the thermally 
sensitive areas of machine tool structures. Matlab and FEA have been used to develop rapid 
and efficient optimisation methods for determining the significant locations on machine tool 
structures for most effective temperature measurements. Thus simplifying and reducing the 
time for installation of temperature sensors. 
 
The eighth paper 2013-02 describes further research to understand and quantify the 
significance of air pockets on machine tool structures and to enable more accurate modelling 
of their effect. It was shown to improve the accuracy of modelling of certain structural aspects 
by circa 55%. 
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The ninth paper 2013-05 discusses a significant change in modelling methods away from a 
physics based approach to an empirical one. Artificial Intelligence techniques were used to 
produce four thermal analysis models for comparison of performance. The results strongly 
indicated that ANFIS models were consistently superior to ANN models for accurate 
prediction of thermal errors. 
 
The tenth paper 2013-06 continued the direction of research towards the development of 
superior compensation systems by investigation of thermal errors caused by machine 
structural distortion due to environmental temperature changes. FEA was used to determine 
the errors and the results compared with measurements taken at the modelled machine. The 
accuracy was such that if applied to a compensation system the errors could be reduced to less 
than 12 microns. 
 
The eleventh paper 2013-13 continues the research into novel empirical techniques. A novel 
method is proposed that enables determination of the system behaviour. This will result in a 
more cost effective and practical solution to error predication with the corresponding benefits 
for compensation systems. 
 
The twelfth paper 2015-03 is a further extension of the Artificial Intelligence research based 
on the use of thermal imaging equipment and ANFIS with fuzzy c-clustering. The resultant 
performance was such that the thermal error could be predicted within 5% thus having the 
potential when used with a compensation system to reduce the thermal errors by 95%. 
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3. AIMS, OBJECTIVES AND TIMELINE OF THE 
RESEARCH 
3.1 The aim of the research 
The overarching aim of the research being described here was to improve the accuracy of 
large products typically such as nuclear reactor vessels, marine diesel engine components (e.g. 
crankshafts and crankcases), aircraft components such as undercarriage structural members, 
wing members (e.g. spars, stringers, ribs and wing skins), all of which are manufactured by 
the many different configurations of large machine tools such as the one shown in figure 2. 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Moving column horiz. ram type machine and marine diesel engine crankcase 
 
The requirement for more accurate components is a result of the need to improve their 
functionality, reliability, strength, performance and life. An example of this is that air craft 
components need to be as light as possible and are therefore manufactured to extremely tight 
tolerances which can only be achieved by extremely accurate machine tools. 
3.2 The Philosophy and Objectives of the Research 
 
The philosophy is to continually strive to improve the accuracy of machine tools and therefore 
the accuracy of the components they produce. 
Machine tools are complex machines with many technical requirements that need to be met to 
ensure they function satisfactorily. In particular the static and dynamic accuracy of the 
movement of the machines is dependent on numerous factors. The research described in the 
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thesis deals with the static performance. Of the many factors involved in machine tool static 
accuracy the research being discussed here deals with the two subjects that cause the 
maximum errors and difficulty in the manufacture and operation of large machine tools; 
namely the foundations which supports the machines and the thermal conditions under which 
they operate. 
There are many ways in which a machine tool‟s performance is assessed which range from 
the quality of the components it is capable of producing to the direct measurements of the 
machine‟s movements as it traverses along its axes. 
3.3 Concrete Foundations 
 
The objective of the foundation research has been to investigate the overall process used to 
produce concrete foundations for machine tools in order to determine a best practice 
procedure which will provide a high level of certainty of foundation performance in order to 
ensure that the machine tool will be capable of producing work-pieces to the required level of 
precision. 
 
3.3.1 Existing design and build procedural practice 
Existing practice is for the machine tool manufacturer to provide a basic specification for the 
foundation to the purchaser of the machine (i.e. the customer). The customer will in turn 
engage the services of a civil engineering consultant and also a civil engineering construction 
company. The specification is passed to the consultant who then designs the concrete 
foundation which the construction company subsequently build. The machine tool 
manufacturer will then install the machine on the concrete foundation, commission it and 
carry out a series of pass off tests which have previously been agreed with the customer. The 
pass off tests will normally comprise of verification measurements of the machine‟s accuracy 
and also the machining of a typical component based on the customers range of products. 
In the event of a failure to pass certain tests, actions are taken to try to decide on the cause of 
the problem and where the responsibility lies. In the case of a problem caused by an 
inadequate foundation it can be very difficult after the machine has been installed to ascertain 
whether it is caused by the foundation or the machine. 
The above procedure is fundamentally flawed for the following reasons:- 
 It does not provide enough information for the foundation to be designed correctly 
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 It does not collect the information needed to design the base correctly. 
 It uses the wrong criterion for assessing the foundations adequacy as fit for purpose. 
 It does not test the foundation to confirm that it is satisfactory before machine 
installation. 
 
3.3.2 Preferred design and build procedure  
3.3.2.1 Foundation specification and format 
Typical current practice is for the machine tool manufacturer to specify a minimum depth of 
concrete for the foundation and the static and moving weights of the machine tool.  
The minimum depth is almost arbitrarily chosen based previous experience with other 
machines or the depth needed to give satisfactory cover for the lengths of the holding down 
bolts that are to be used to secure the machine to the concrete. 
The final depth, if greater than the minimum required for bolts, will therefore be based on the 
stress levels in the concrete due to the moving and static loads. In practice this criterion will 
usually result in a depth that is less than that required to ensure that minimum deflection 
tolerances are not exceeded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Moving column horiz. ram machine typical alignment test to ISO 3070 Pt 2:  2007 
 
Straightness Tolerances 
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The above procedure has a fundamental flaw since it is essentially based on a stress criterion 
rather than stiffness and does not ensure that the foundation provides sufficient support to the 
machine structure to prevent excess deflection occurring and this can cause alignment 
tolerances  not to be achievable. 
 
The foundation specification should provide the information on the required stiffness at the 
upper surface of the concrete needed to ensure maximum acceptable pseudo static deflections 
are not exceeded. The maximum deflections should be based on the machine manufacturer‟s 
alignment tests sheets for the particular machine or the ISO Standard tests for the particular 
machine configuration. See a typical example test shown in figure 3 above which specifies the 
maximum straightness tolerance allowed for the “X” axis longitudinal traverse of a typical 
large machine tool.  
 
 The static accuracies are stipulated in a range of standards for large machine tools and 
generated by a number of ISO Standards Sub-Committees which fall under the overall 
responsibility of the International Standards Organisation Technical Committee TC39. 
 
These standards when issued are administered by national standards bodies such as in the UK 
the British Standards Organisation and in particular Machine Tool Committee MTE1-2 for 
machine accuracy. 
 
The above information can be subsequently converted into the maximum deflections allowed 
at the surface of the concrete and specified as in figure 4 below. 
 
Publication 2009-04 describes the evaluation of the alignment tolerances for configurations 
of large machine tools which can be used to create a machine tool foundation specification 
and how they have been compared with FEA results for a large moving gantry machine. 
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FOUNDATION SPECIFICATION 
Distortion Tolerances 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - Moving column horizontal ram type machine foundation specifications 
 
3.3.2.2 Foundation Design 
The foundation design procedure should be based on the above format of foundation 
specification where stiffness rather than stress is the criterion used under the loading values 
and conditions that are specified. 
Finite Element Analysis (FEA) should be used to determine the necessary depth of the 
concrete foundation. 
 
Because the stiffness of the concrete is very much dependant on the nature of the subsoil 
which supports it, then it is an essential part of the procedure to know the characteristics of 
the subsoil, in particular the value of the Coefficient of Uniform Elastic Compression (C u).  
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This can be determined by a plate test carried out on the surface of the exposed subsoil which 
should be carried out after an initial excavation of the site to remove the upper layers of 
subsoil down to an appropriate level determined after bore hole samples have been taken. 
The plate test would involve cyclical loading after an initial preload which is related to the 
maximum weight of the machine, has been applied. 
When the above information has been determined FEA can be carried out to determine the 
depth of the concrete needed to provide sufficient stiffness at its surface to ensure the 
maximum deflections do not exceed the ones specified under the applied loading conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Partially constructed foundation for a large machine tool installation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 – FEM of a moving column gantry machine installation including the foundation 
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Publication 2005-06 describes the FEA of a foundation for a large moving gantry foundation. 
Publication 2007-02 describes the FEA of a large moving gantry machine and its foundation. 
 
3.3.2.3 Foundation testing 
After construction it is essential that the concrete foundation should be tested to confirm the 
specified stiffness has been achieved under the corresponding loading conditions. This should 
be carried out before the machine is installed in order to minimise confusion when 
interpreting the results and facilitate determining where the responsibility lies in the event of a 
problem. 
However, a period of one month should be allowed after pouring before any tests take place in 
order to allow the concrete to cure and reach maximum strength and stiffness. One such 
foundation test is shown in figure 7 below where a foundation is being loaded with 90 tonnes 
to assess its behaviour when workpieces are placed on it. 
 
 
 
 
 
 
 
 
 
Figure 7 - Moving column horizontal ram type machine foundation testing 
 
Publication 2005-01 describes a concrete foundation test as carried out on foundation for a 
moving gantry machine tool. The publication describes the procedure which had been 
developed, the equipment, instrumentation, the loads that were used and the results obtained. 
 
3.3.2.4 Foundation testing equipment 
The instrumentation used for testing machine tool foundations to measure the stiffness at the 
upper surface is currently based on traditional equipment such as Dial Test Indicators, 
Inclinometers and hydraulic levelling units in conjunction with a reference frame comprising  
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of steel beams. The taut wire/optical sensor would provide a more suitable alternative being 
less expensive, considerably lighter and much easier to use. 
In cases were the machine has been installed on the foundation the straightness of the 
longitudinal axis traverse needs to be measured as part of the final inspection protocol. This 
test is carried out with a taut wire and microscope which on large machine tools can typically 
involve 100 individual measurements and can take an entire shift i.e. circa. 8 hours. 
The taut wire with the optical sensor would reduce this time considerably because the 
measurements can be taken as the machine is moving and automatically recorded 
electronically reducing the time to less than one hour. 
Alternatively the measurements are often taken using laser interferometry instrumentation 
which is expensive and time consuming to set up whereas the taut/wire & optical sensor 
equipment is extremely inexpensive in comparison and relatively easy to set up. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 – Taut wire / Optical Sensor for deflection and straightness measurement 
 
Publication 2013-09 describes the research and development carried out on an optical 
sensor/taut wire based instrument and process for measuring deflections and straightness 
discussed above.  
 
Publication 2014-06 describes the performance tests carried out on the instrumentation and 
process discussed above. 
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3.3.2.4 Graphical representation of the overall design and build procedure 
The preceding work is described graphically below in figure 9 to show the recommended 
process in detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 - Flow chart for recommended procedure for design & build of machine foundation 
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3.4 Thermal error reduction 
 
Twelve papers are presented in this thesis that have been published on the subject of 
thermal error reduction. Thermal errors significantly affect the accuracy of machine 
tools and therefore the precision of the components they produce. The errors are 
caused by temperature changes of the machine tool structure due to environmental 
temperature changes and self-induced heat sources within the machine itself.  
Under steady state conditions they simply expand or contract the structure without 
changing its shape, whereas under transient conditions they cause temperature 
gradients within the structure which in turn produce distortions of the structural shape 
in addition to the change of size. 
It is good practice to design the machines such that the effect of the temperature 
changes cause minimum effect using passive means such as choice of materials, 
direction of exhaust of hot air from motors away from the structure etc. 
Additionally active means are also used such as spindle jackets carrying cooling liquid 
to remove the often large amounts of heat generated by spindle bearing rotation. For 
environment issues factory temperature control is used though the costs can be 
extremely high. 
However the above items have a limited effect and for extreme precision it is 
necessary to use compensation methods. Historically the best achievements have given 
circa 70% reduction of thermal error. 
To this end the work described in these publications has involved the continued 
research and development of compensation systems in an attempt to improve the 
percentage level of error reduction to those currently being achieved for compensation 
of geometric errors i.e. greater than 90% error reduction. 
 
3.4.1 Thermal error, physics based compensation 
The publications, 2005-07,  2005-10, 2005-12, and 2011-05 describe the use of the 
laws of physics to predict the distortions and growth that will occur in machine tool 
structures when temperatures of the structure change due to either environmental 
changes or self-induced heat generation within the machine itself. 
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By the development of algorithms that relate the temperatures of the structure to the 
errors at the spindle mounted tool cutting point, these errors can be predicted and 
subsequently negated. 
By correctly predicting the errors, these values can be used through the CNC 
controller to apply positional offsets that are equal and opposite to the errors and 
which result in cancelling the error out.  
Compensation systems using physics based algorithms rely on having sufficient and 
accurate knowledge of the temperature profile of the structure. This requires the 
application of temperature sensors that are accurate, reliable and simple to apply. This 
has been achieved by the development of an inexpensive, digital sensor system which 
uses a three, wire bus loom.  
The four papers describe the temperature compensation research and development of a 
controller based system, flexible modelling to reduce downtime of the machine, 
further development within an open architecture controller and the development of a 
more flexible novel, language which allows program modifications without offline 
software re-writes. 
State of the art at this stage of the research was producing thermal error reductions of 
circa. 70%. 
 
3.4.2 Temperature measurement 
Publication 2007-04 describes the development of the use of thermal imaging 
equipment to give a much higher level of accuracy enabling thermal gradients to be 
measured and therefore the ability to compensate for complex structural distortions. 
 
3.4.3 Thermal modelling 
Publication 2011-05 presents the further development of enhanced modelling 
techniques by investigating the thermal behaviour of linkages and joints. Publication 
2012-06 describes the research into prediction of the thermally sensitive points on a 
machine tool structure for most effective temperature measurement. Publication 2013-
02 describes research into the significance of air pockets in a machine structure to 
enable more accurate modelling of their effects. Publication 2013-06 continued the  
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improvements in modelling techniques by use of FEA to further investigate the 
structural errors caused by  
State of the art at this stage of the research had reached circa. 80% reduction of 
thermal errors.  
 
 
3.4.4 Thermal compensation based on Artificial Intelligence 
The latest work is described in the three publications 2013-05, 2013-13 and 2015-03 
where a significant change in modelling methods has been made away from physics 
based approach to an empirical one using of Artificial Intelligence methods to predict 
the thermal growth and distortion of the machine structure. A number of Adaptive 
Neuro Fuzzy Inference System (ANFIS) models were compared with Artificial Neural 
Network (ANN) models when verified against test results on CNC machining centre. 
The test results showed the ANFIS models were consistently superior to the ANN 
models for accurate prediction of thermal errors. 
Subsequently ANFIS models with fuzzy c-clustering models were tested. The 
performance was such that the thermal errors could be predicted within 5% thus 
having the potential when used in a compensation system to reduce machine tool 
thermal errors by 95%. 
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3.4.5 Graphical representation of overall thermal research 
The preceding description of the thermal research is shown graphically below in figure 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 – Graphical chronology of the thermal error research  
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3. 5 The Timeline of the research 
The research described here covers in total an eleven year period the earliest paper being 
published in 2005 and the latest paper published in 2015. 
The six foundation related papers were published over a nine year period from 2005 to 2014. 
The twelve thermal related papers were published over an eleven year period from 2005 to 
2015. 
 
4. SUMMARY OF THE INVESTIGATIONS 
4.1 Foundation 
The outcome of the six research papers has been a clear understanding of the process for the 
design of foundations required to ensure that they are adequate to provide the machines 
placed upon them with sufficient support that they will be able to function as intended. 
 
4.2 Thermal 
The outcome of the twelve thermal research papers is a significant generation of knowledge 
such that processes and equipment are now available such that large machine tools can be 
built to accuracy levels that are considerably higher than those previously. 
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5. IMPACT OF THE RESEARCH 
 
The research described in this thesis up to 2013 was used in the Research Excellence 
Framework 2014 national government assessment and contributed to the highest ranking 
award of 4 Star for impact. 
 
The predictive methods and novel techniques developed by the CPT‟s research into machine 
tool accuracy have benefited a range of end-users in industry, both nationally and 
internationally, throughout the REF2014 period. 
 
Leading UK employers such as BAE systems and Rolls-Royce (RR), as well as major local 
employers such as Yorkshire based Micro Metalsmiths were among the first beneficiares of 
the CPT‟s PC based compensation systems and have continued to use increaslingly advanced 
versions of the technology since 2008.  
 
Collaboration with Siemens on developing the compensation system for industrial CNC has 
led to a number of high profile installations on machine tools requiring new levels of accuracy 
for the  Joint Strike Fighter (JSF) programme. As a result of its collaboration with the CPT, 
Siemens has produced a commercial compensation system and are actively marketing it 
globally. 
 
Under a TSB grant in collaboration with AsquitButler Ltd, the UK‟s only manufacturer of 
very large machine tools, the error compensation system (MTC) has been integrated into a 
PowerCentre 500, 5-axis horizontal ram, moving colum machining centre. 
 
The use of  the CPT‟s new methodologies throughout the manufacturing industry has led to 
training courses being developed and delivered in collaboration with Machine Tool 
Technologies Ltd. and is aimed primarily at maintenance engineers employed in advanced 
manufacturing. Five week courses have been developed and delivered to companies including 
R-R, BAE and AWE. 
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II. COPIES OF PAPERS IN SUPPORT OF 
THE PhD DEGREE 
 
This section shows a copy of the papers submitted in support of the PhD. The copies are 
provided as images of the original publications as shown in the relevant journals or 
conference proceedings. 
 
For ease of reference they are shown in the appropriate category either “Foundation” or 
“Thermal” and subsequently in chronological sub-order within each category. 
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FOUNDATION RELATED PAPERS 
 
2005-01 Measurement techniques for determining the static 
stiffness of foundations for machine tools 
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2005-06 Finite element analysis of the static stiffness of a 
foundation for large machine tool. 
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2007-02 Structural Analysis of a large Moving Gantry Milling 
Machine including its Work Support System and Foundation 
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2013-06 Efficient estimation by FEA of machine tool distortion 
due to environmental temperature perturbations. 
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2013-13 Application of GNNMCI (1, N) to environmental 
thermal modelling of CNC machine tools. 
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2015-03 Thermal error modelling on machine tools based on 
ANFIS with fuzzy c-means clustering using a thermal imaging 
camera. 
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III CONCLUSIONS AND FUTURE 
PERSPECTIVES 
1 FOUNDATION CONCLUSIONS 
1.1 Specific foundation conclusions from the papers 
 
1.1.1 Conclusions paper 2005-01 
Measurement techniques for determining the static stiffness of foundations for 
machine tools. 
Using conventional metrology equipment in a novel  way  it is was shown that the 
stiffness at the surface of a foundation can be measured and the results used to 
determine whether or not the foundations is able to support a large machine tool such 
that the machine will be capable to meeting its accuracy requirements 
1.1.2 Conclusions paper 2005-06 
Finite element analysis of the static stiffness of a foundation for large machine tool  
This paper verified that FEA can be used to accurately predict foundation stiffness if the 
sub-soil stiffness is determined by use of bore holes or plate tests. 
1.1.3 Conclusions paper 2007-02 
Structural Analysis of a large Moving Gantry Milling Machine including its Work 
Support System and Foundation. 
This paper clearly demonstrates that it is now possible to comprehensively analyse the 
static characteristics of large machine tools structures, their concrete foundations and 
the supporting subsoil to obtain a comprehensive understanding of their behaviour. 
1.1.4 Conclusions paper 2009-04 
Evaluation and Comparison of a Large Machine Tool Structure with ISO 
Standard Alignment tests 
The paper describes how the information required to ensure foundations can be 
designed correctly can be drawn from the appropriate ISO and BSI machine tool 
accuracy standards.  
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1.1.5 Conclusions paper 2013-09 
New low cost sensing head and taut wire method for automated straightness 
measurement of machine tool axes 
The paper describes how a low cost, effective method has been developed for measuring 
the accuracy of machine tools traverse straightness, thereby enabling verification that 
the foundation supporting the machine is suitable or not 
1.1.6 Conclusions paper 2014-06 
Performance evaluation of a new taut wire system for straightness measurement of 
machine tools. 
The paper shows that the taut wire with optical sensor method developed for measuring 
machine tool straightness is as accurate as the equivalent laser based equipment yet 
considerably less expensive and much easier to setup when used on large machine tools. 
2. THERMAL CONCLUSIONS 
2.1 Specific thermal conclusions from the papers 
 2.1.1 Conclusions paper 2005-07 
Compensation of thermal errors on a small vertical milling machine 
Use of thermal imaging for temperature measurement and offline model development 
was applied to a small vertical milling machine which gave reduced machine 
downtime and improved accuracy prediction. 
 2.1.2 Conclusions paper 2005-10 
Flexible modelling and compensation of machine tool thermal errors 
A flexible thermal compensation system was created and installed on two controllers 
and a PC. Machining trials were carried out in accordance with the ISO230 Part 3 
standard and showed reductions of 70% for thermal errors. 
 2.1.3 Conclusions paper 2005-12 
Practical compensation of all significant thermal errors in machine tools  
Practical compensation system was implemented on a machine which subsequent 
machining trials resulted in workpiece errors of less than 5 micron.  
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2.1.4 Conclusions paper 2007-04 
Measurement methods for efficient thermal assessment and error compensation 
This paper describes measurement procedures for efficient assessment of thermal 
errors using strip sensors to measure thermal gradients. This resulted in error 
predication greater than 85% emphasising the benefits of this sensor technology 
development. 
 
2.1.5 Conclusions paper 2007-05 
Flexible compensation of thermal errors. 
The performance of machine thermal compensation system was validated by tests and 
measurements of a machined NAS979 artefact which showed an 80% improvement of 
accuracy of machined features. 
 
2.1.6 Conclusions paper 2011-05 
Efficient thermal error prediction in a machine tool using finite element analysis 
Studies showed significant reductions in machine downtime could be made by use of 
FEA to predict thermal errors rather than physical machine testing. 
 
2.1.7 Conclusions paper 2012-06 
 An efficient offline method for determining the thermally sensitive points of a 
machine tool structure  
FEA provides a very good assessment of machine thermal errors and prediction of 
sensitive nodal locations for efficient installation of sensors 
 
2.1.8 Conclusions paper 2013-02 
 The significance of air pockets for modelling thermal errors of machine tools Air 
pockets in machine structures have significant effects and should be avoided by good 
design but where this is not possible they should be taken into account during 
development of predictive models. 
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2.1.9 Conclusions paper 2013-05 
 Comparative study of ANN and ANFIS prediction models for thermal error 
compensation on CNC machine tools 
ANN and ANFIS models for error prediction were compared showing a range of 
advantages and disadvantages depending on circumstances 
 
2.1.10 Conclusions paper 2013-06 
Efficient estimation by FEA of machine tool distortion due to environmental 
temperature perturbations 
Use of FEA has produced good environmental thermal error models and reduced 
machine downtime. 
 
2.1.11 Conclusions paper 2013-13 
Application of GNNMCI (1, N) to environmental thermal modelling of CNC 
machine tools 
The Grey Neural Network model with Convolution Integral GNNMC AI is was used 
with a Particle Swarm Optimisation (PSO) algorithm and was shown to be  capable of 
producing superior prediction results for thermal errors whilst being more practical 
and cost effective. 
 
2.1.12 Conclusions paper 2015-03 
Thermal error modelling on machine tools based on ANFIS with fuzzy c-means 
clustering using a thermal imaging camera  
ANFIS is proving to give very good results for prediction of thermal errors 
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3. SUMMARY CONCLUSIONS  
 
Research by the Centre for Precision Technologies (CPT) at The University of Huddersfield 
has produced an in-depth understanding of the factors that contribute to machine tool 
inaccuracy. 
The research presented here discusses what are potentially the two main causes of 
inaccuracies of machine tools namely the concrete foundation that support them and their 
response to temperature changes caused by both their environment and self-induced heat 
sources. 
 
3.1 FOUNDATIONS 
 
The six “Foundation” papers presented in this thesis describe how the specification, design 
and testing of concrete foundations for large machine tools can be achieved in a manner such 
that process will ensure that the foundation will meet the functional needs of the machine. 
 
The research describes how the uncertain nature of foundation subsoil can be overcome by 
following a specific testing protocol. 
 
Additionally the development and testing of instrumentation that has been successfully 
developed to support the above mentioned protocols is described in the final two 
“Foundation” publications. The instrumentation is inexpensive, extremely accurate and will 
reduce testing time from days to hours. 
 
Adherence to the procedures described, would ensure that the possibility of anyone of a large 
number of potential problems occurring will be avoided. 
 
3.2 THERMAL EFFECTS 
 
The reduction of thermal errors of machine tools has until recently been in the order of 70%. 
The culmination of the research and development that is described in the twelve thermal 
papers presented in this thesis is error reduction values of 95% are now being achieved. This 
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is due to the accumulated effect of the planned research activities which has led to the final 
papers associated with the research and development of Artificial Intelligence methods. 
 
The thermal compensation research was key to the CPT becoming a participant in the FP7 
ADAMOD european project. The project needed a thermal compensation system with higher 
levels of accuracy than achievalbe in any literature in the public domain. The CPT 
successfully completed the project by data fusion of on-machine strain measurement into the 
thermal compensation system. This led to a further FP7 grant EASE-R3. 
 
This research has led to the design and development of a new machine tool compensation 
system unit with all the capability of volumetric compensation and affordable bespoke 
hardware for universal integration onto new and existing machine tools. This system has been 
shown to reduce geometric errors by 90% and with recent developments thermal errors by 
95% giving the capability for more accurate parts, with better functionality, less wear, longer 
life, less re-work, fewer scrapped parts and lower unit costs which in turn reduce the need for 
inspection, significantly lowered assembly times and enhanced inter-changeability of parts. 
 
The underpinning technology of rapid geometric calibration and high accuracy temperature 
measurement using thermal imaging and unique flexible temperature sensing strips, combined 
with physics based algorithms enabled thermal errors to be reduced by 80%. Specialist 
software, TempSpy was written to calibrate sensors and record large amounts of data along 
with Virmach which evolved to simulate and communicate machine errors for customer 
reports and became a further key tool for the compensation. 
 
Finite Element Analysis (FEA) has played a significant role in more recent research, using 
new techniques to model more accurately the thermal behaviour of complex structures. This 
reduces the amount of empirical work require to optimise model variables. FEA has also been 
used to understand the often ignored elastic effects when traversing the machines. 
 
 The final papers describe how the use of artificial intelligence (AI) based models of machine 
tools have enabled thermal errors to be reduced by 95%. 
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3.3 OVERALL SUMMARY 
 
The accuracy of machine tools is fundamental to the quality of the products they make. A 
better understanding of why errors occur and how to minimise them is vital to ensuring higher 
standards of manufacturing and increased productivity. The work described in this thesis has 
delivered significant improvements in measuring and compensation for machine tool 
inaccuracies and therefore the components that are manufactured by them. 
 
This has led to predictive methods for assessing the capability of machines to produce specific 
components and the development of a low-cost electronic Volumetric Compensation System 
that can increase machine tool volumetric accuracy by a factor of 10, with significant cost 
savings for factory temperature control. A contract has been signed to market this system 
globally. Rapid calibration techniques have been developed, in collaboration with a UK 
world-leading aerospace manufacturer, reducing timescales for days to less than one hour.  
 
4. FUTURE PERSPECTIVES 
4.1 FOUNDATIONS 
 
Research and development is currently being carried out on the use of hydraulic levelling 
units with capacitive sensors for determining horizontality, height variation and vertical 
deflection.  
It is envisaged this research is will produce the extremely high orders of accuracy needed for 
modern large machine tools and their foundations. 
 
It is thought that the surface stiffness of concrete foundations and also the sub-soil could be 
more easily and efficiently measured by use of Laser trackers. The current technology is such 
that they are not sufficiently accurate and that they are considerably more expensive than the 
equipment described in this thesis.  
 
However it is envisaged that both of these problems will be overcome and although there are 
considerable uncertainties associated with the process, the benefits will fully warrant further 
research and development which would form the basis of a significant project. 
THE EFFECT OF CONCRETE FOUNDATIONS AND MACHINE THERMAL CONDITIONS ON THE 
ACCURACY OF LARGE MACHINE TOOLS 
 
 
 
DEGREE OF DOCTOR OF PHILOSOPHY (PhD)                                                                                        238 
 
 
 
4.2 THERMAL EFFECTS 
 
`With such high reductions in thermal error of 95% the future concentration will be focused 
on improving the efficiency of installation of compensation systems, reducing machine 
downtime and the cost of hardware associated with sensors.  
 
Attention will move towards focus on work-piece thermal errors and the use of telemetry for 
communication with sensors. 
4.3 OVERALL PERSPECTIVE 
 
Current machine tool industrial technology uses individual feedback encoders systems which 
are axis specific. Future systems are envisaged which will be based on direct measurement of 
the cutting tool position relative to datums on the workpiece. Such systems will in principle 
be machine based equivalent of GPS and capable of eliminating all machine positional errors. 
To overcome problems of line of sight due to swarf, coolant and workpiece size and shape, 
they might involve the use of aerial drone reference units. 
 
